This paper describes an alternative method of predicting noise from construction sites using a probability approach. The basis of the approach is the separation of the source characteristics from the propagation characteristics. A site area is divided into a number of square patches in which the source can be located at the centre of any patch or node. The approach assumes that the probability that the noise source of certain acoustic power is at a particular node is the same as for all other nodes. The noise level from each patch is obtained and the temporal noise level distribution during the working day period can be constructed. L Aeq accompanied with standard deviation and noise indices during a working day period can be estimated. The effect of the duty cycle of equipment and number of items of equipment were incorporated in the approach. When validated with the current procedure, the model L Aeq value has good agreement with those obtained from BS 5228, and thus indicates that the probability approach is capable of predicting the equivalent noise level. The method could be used as the basis of an operational management tool for a noise abatement scheme.
Introduction
Prediction of noise arising from construction sites is considered as early as the planning stage (Carpenter, 1997) to reduce effects which include annoyance, sleep disturbance, speech interference, and increasing risk of hearing impairment (Wilson, 1963; Ng, 2000) . Annoyance, however, is the most important effect in terms of the number of affected people (the disruption of human activities) (Large and Ludlow, 1975; Ng, 2000) and is normally expressed in terms of noise complaints. Therefore, the number of construction noise complaints channelled to local authorities in some developed countries exceeds complaints about traffic noise (Berglund, 1999) . Hence, in attempting to minimize complaints, local authorities need accurate techniques for predicting the noise emission, that is the total noise from all contributing sources at a given position, arising from construction operations .
According to Carpenter et al. (1997) L Aeq obtained from the current prediction procedure is not accurate because it will result in annoyance to the community not being addressed properly. Research has also revealed that the use of a single L Aeq prediction may mean that a quality of the sound which has a particular effect on people may be ignored (Madiema and Vos, 1998; Skånberg and Öhrström, 2002; Schomer, 2003; Raimbault and Dubois, 2005) . Carpenter (1997) suggested developing alternative prediction methods that can operate on coarse data available in the planning stage and generate results that include quantified error margins. He suggested that a possible method might be a stochastic model that can take into account the fluctuation of noise level generated at the receiver during a real process. This is typically due to conditions when an item of plant may be switched off, idling, operating under light load, or operating under heavy load. Furthermore, many items of plant or operations will move around the site either while working or between phases of operation (Fig.1.) . This latter variation not only affects the distance between source and observer but also alters the effect of screening, ground cover, and other factors (Haron and Oldham, 2004; Haron and Yahya, 2009 ). The current prediction method is deterministic, that is, if one wants to examine the effect of various parameters (acoustic power, distance, duty cycles), it is laborious to apply and results in one single index, L Aeq , without any information regarding confidence levels.
The study in this work uses the stochastic model by means of a probability approach and proposes that results should contain statistical information relating to the temporal distribution during the course of the day. This will enable the uncertainty of noise from the construction site to be studied for the purpose of noise management at the planning stage. This is also consistent with the recent trend that the temporal distribution of sound pressure level has recently become more important as noise level indices are increasingly employed in studies of soundscape (Skånberg and 
Probability Approach
This approach has been used by Nelson (1972 Nelson ( , 1973a Nelson ( , 1973b ) to obtain quantitative data with which to rate a noise problem from traffic noise. The approach that has been adopted has been to employ noise units based upon the statistical treatment of noise levels which include the noise level being exceeded for 10% of the time, L 10 , and the equivalent continuous noise level, L eq . Construction sites are similar to road traffic in that each involves a number of different noise sources, possibly operating simultaneously, each having different acoustical characteristics (sound power, spectra), operating under different conditions, and not having a fixed location. The noise from these activities is thus not constant either in level or character but exhibits apparent randomness (Kurze, 1972; Wentang and Attenborough, 1989) . Current procedure BS 5228 (1997) deals with the source variation using some gross simplifications. In this paper an attempt was made to extend the work of Nelson (1972) on traffic noise to the prediction of noise from construction site activities.
The models in this paper will take into consideration the factors which affect the noise variability, including the position of equipment, the characteristic power of the equipment (duty cycle and power level), the number of items of equipment, and the possibility of operations being concurrent during the course of the working day. The results of this investigation will be applied to the development of a simple predictive model.
Basic Modelling Approach
The basis of the probabilistic method is the separation of the source characteristics (in particular the duty cycles and associated sound power levels) from the propagation characteristics (determined by the area over which an activity takes place and its position relative to the receiver). By considering first the propagation characteristics, it is assumed that the probability that the noise source is at a particular point within the operational area is the same for all points in that area.
The model considers a site area with width w, depth d, and a receiver located at a distance r, from the sub-site centre. The sub-site is divided into a number of equal patches, as shown in Fig.2 . The source (equipment) is assumed to be positioned from patch to patch successively to obtain the effect of variability of noise source. Each patch is identified by a subscript which relates to its position along the x and y directions relative to the origin:
These two values, together with the source height, z s , define its location. A noise source can be located at a random position in that sub-area with equal probability (Fig.2.) .
The sound intensity at a receiver from a source position is obtained by assuming hemispherical radiation over a hard surface and is given by:
where W a is the acoustic power of the source, and r j is the distance from the source position (x i ,y j ,z s ) to the receiver (x r ,y r ,z r ) given by
The sound pressure level at the receiver is found by A statistical analysis on a number of samples of noise level can be carried out to determine the temporal distribution in terms of the probability distribution function, PDF, and cumulative distribution function, (CDF). The mean level can then be obtained as an equivalent intensity level or equivalent sound pressure level, L Aeq . The standard deviation can also be found.
Effect of Duty Cycle of Equipment
An item of machinery might typically generate a number of different sound power levels in the course 
of a working day depending upon its pattern of use. It might be completely off for A% of the working day, on idle for B% of the working day, and operate at full power for C% of the working day (Waddington and Lewis, 2000; Gilchrist et al., 2003) . If an item of machinery operates at full power for 100% of the working day the PDF obtained is called PDF100% on.
In order to consider the effect of this operational cycle, two distributions are then derived corresponding to the sound power level of the source for idling power for B% of the day and for full power for C% of the day. For idling mode, it is assumed that an item of machinery operates at idle power for 100% of the working day and the noise level can be obtained by incorporating the idle mode sound power level into Equation 3. The PDF 100%idle can be determined and the PDF for B% idle mode is expressed using the following;
The PDF for C% full power mode or PDF B%on can then be expressed using the following The probability distribution for equipment with A% off, B% idle, and C% on time is then given by:
Effect of a Number of Items of Equipment
N o r m a l l y a n u m b e r o f n o i s e s o u r c e s a r e i n operation, and therefore it is possible for an item of equipment to be operating concurrently with any other item of equipment. To obtain the temporal distribution, probability law, that is, intersection, is employed. The combined probability distribution for equipment operating concurrently can be determined using a method first proposed by Nelson (1972 Nelson ( , 1973a Nelson ( , 1973b . Noise producing equipments are called events "An" where n is the number of items of equipment. Consider a simple case of two items of equipment A1 and A2 working concurrently. The total working period is T hours, known as the sample space, whilst PDF(A 1 ) and PDF(A 2 ) are the PDFs for events A1 and A2, respectively.
The combination method was first proposed by Nelson (1972 Nelson ( , 1973b ) for the combination of noise level distributions in traffic noise prediction. Each PDF is represented by a set of number pairs, one relating to a noise level (the centre of the class interval) and one to the corresponding probability such that: -L 1i and P 1i where i = 1,2,5 … m for PDF(A 1 ) -L 2j and P 2j where j = 1,2,5 ... m for PDF(A 2 ) Subscripts 1 and 2 refer to PDF(A 1 ) and PDF(A 2 ), respectively, as shown in Fig.3 . L refers to the level, P refers to the probability of that level, and i and j refer to particular samples of the first and second distributions respectively. The combined probability that the noise level from PDF(A 1 ) is L 1i when the level from PDF(A 2 ) is L 2j is given by:
T h e c o m b i n e d n o i s e l e v e l a r i s i n g f r o m t h e contributions of both distributions is given by:
The combined PDF is obtained by defining a new class of intervals and summing the probabilities associated with the levels that fall within these class intervals. This technique is not limited to the combination of levels from two sources but can be applied to any number of sources.
Computation
The simulation of PDF and CDF for an activity or activities can be carried out using MATLAB 7.2. The coding was carried out according to the flow chart shown in Fig.4 . The model inputs include the dimensions of the site (d and w), the sound power level and its duty cycle, and the position of a receiver. For 
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(10) Fig.3 . Division of two PDF for concurrent combination operation.
a single item of equipment operating on full power continuously, steps 1 to 2 are repeated to obtain the sound pressure level for the source at all nodes. The noise levels are analysed and the PDF and CDF are obtained. Fig.5 . shows the PDF and CDF of an excavator with a sound power level of 117 dB operating at full power continuously for a working day period. The site area is of width 200 m and depth 100 m and the receiver was positioned 60 m from the site centre. It can be seen that the PDF has unimodal distribution skewed to the left due to the closeness of the receiver to the site boundary. It is noted that as the receiver's position moves further away from the site boundary, the noise level distribution becomes symmetrical. The most vital output is the CDF, which shows the content of the sound during the working day period. The mean level and its standard deviation and indexes such as L 10 and L 90 can be easily determined. L 10 is the noise level which occurred during 90% of the working day, which can be associated with peak noise. L 90 is the noise level which occurred during 90% of the working day associated with the background noise, and can be obtained as shown in Fig.5. The calculation of sound level due to the equipment on idle or on full power can be obtained using the outer 'loop'. Fig.6 . shows the PDF and CDF for an excavator with a duty cycle of 10% off, 20% idle, and 70% on. It was found that the effect of duty cycles is to change the PDF into a bimodal shape with two peaks as a result of Table  1 . working concurrently over a period of 12 hours on a site area of 200 m × 100 m. Again, the receiver was positioned 60 m from the site centre. In this case the combination of temporal distribution is nearly unimodal in shape. Fig.7 . shows the individual CDF for each item of equipment, with items having different duty cycles during a working day period. Fig.8 . shows the result of the combination of the PDF and CDF of each item of equipment. From the combined CDF, the content of sound for a working day period can be estimated. The average sound pressure level or equivalent sound level, L Aeq , is 71.5 dB with a standard deviation of 4.1.
Comparison With Bs5228 Model
Three items of equipment working concurrently on a site considered in Table 1 were used to compare the results obtained from the probability approach and the current procedure, BS 5228. The BS 5228 (1997) model is the prediction method recommended by the DOE (2004). The code predicts noise at receivers in Annex D, Part 1. In this procedure, correction factors were applied to the sound power level to account for factors such as periods of operation of plant or equipment (step 1), distance between the source and receiver (step 2), any screening between source and receiver (step 3), and whether the receiver is in front of a reflecting surface (step 4). Noise levels were collected at the receiver based on the noise generated by the items of equipment using the calculation steps shown in Fig.7 . Data for the first two factors only were available and taken into account in the comparison with the probability approach.
One problem regarding the usage of BS 5228 is that it requires an accurate distance between equipment and receiver. Since all equipment will move around the site, an average distance for each item of equipment was used, namely the distance between the receiver and the equipment positioned at the site centre. The sound level from each item of equipment at the receiver and the combined L Aeq are shown in Table 2 . It is well known that the result obtained from BS 5228 is only L Aeq .
The results of the combined L Aeq obtained from BS 5228 and the probability approach have a disparity of 1.5 dB; however the results of the probability approach are accompanied by a standard deviation of 4.2. Also the indices which show the content of sound during the working day period are weighted by their probabilities. Based on the L A e q results it can be seen that the probability approach has good agreement with the BS 5228 procedure. 
Conclusion
This paper has described the basis of a probability a p p r o a c h t o p r e d i c t t h e t e m p o r a l n o i s e l e v e l distribution arising from construction site operations due to either individual noise sources or a combination of noise sources. The method has advantages over the procedure currently used as its enables the determination of any indices required in evaluating the environmental quality. This can facilitate decisionmaking processes where noise is a potential problem.
The method could be used as the basis of an operational management tool. The construction project manager could rapidly establish the probability of a specified limited noise level being exceeded. The CDF can also be related or could then be used to predict the L Aeq experienced over a short time period as usually measured by local authority staff when checking for conformity with a specified level during the construction process (DOE, 2004) .
